The effect of chronic hypertension on cerebral blood flow (CBP) was studied in anaesthetised rats. CBP was measured with the intracarotid 133Xe injection method. Rats with spontaneous and renal hypertension were Address correspondence and reprint requests to Of-Barry at Psychiatry Department, Rigshospitalet, DK-2100 Copenhagen, Denmark.
compared with normotensive controls. The lower limit of autoregulation was determined during controlled haemorrhage. In the normotensive rats, CBP remained constant until mean arterial pressure (MAP) had decreased to the range of 50-69 mm Hg. Thereafter, CBP decreased with each further decrease in MAP. In both types of hypertensive rats, CBP remained constant until MAP had decreased to the range of 70-89 mm Hg. Thus, a 20-mm Hg shift of the lower limit of CBP autoregulation was found in both spontaneous and renal hypertensive rats. A neuropathological study revealed ischaemic brains lesions in half of the hypertensive rats following hypotension, whereas only a single lesion was found in one of six normotensive rats. No ischaemic brain lesions were found in a control study in which CBP was shown to be stable over a 2Y2-h period. In conclusion, hypertensive rats showed a shift of the lower limit of CBP autoregulation as well as an increased susceptibility to ischaemic brain damage during hypotension. These findings presumably reflect hypertensive structural changes in the cerebral circulation. Key Words: Autoregulation Brain ischaemia-Cerebral blood flow-Haemorrhagic hypotension Hypertension-Rat.
In chronic arterial hypertension, the lower and upper limits of cerebral blood flow (CBF) au toregulation are reset to higher blood pressures.
Such hypertensive adaptation of the lower limit has been found in man (Strandgaard et aI., 1973; Strandgaard, 1976) and baboon (Jones et aI., 1976) , and hypertensive adaptation of the upper limit of autoregulation has been found in the baboon (Strandgaard et aI., 1974) .
Hypertensive rats are increasingly used as ex perimental animals in research on the cerebral cir culation and metabolism. Surprisingly, however, the literature on CBF autoregulation in these animals is sparse, except for one study in which sagittal sinus P02 was used as an index of CBF (Fujishima and Omae, 1976) . The aim of the present study, therefore, has been to investigate CBF au toregulation and its lower blood pressure limit in rats with spontaneous or renal hypertension, as well as in normotensive Wistar Kyoto rats. The knowl edge thus acquired is intended to give a background for further studies on CBF following pharmacologi cal blood pressure manipulation in hypertensive rats.
MATERIALS AND METHODS
The experiments were performed on male Wistar Kyoto rats (WKY, F24) and spontaneously hyper tensive rats (SHR, F49) of the Okamoto strain supplied by M�llegaard Ltd., Denmark. All rats were housed in the same room, and had free access to food and water until the CBF study.
Chronic renal hypertension was induced in 1month-old WKY by a slight modification of the Loomis technique (Loomis, 1946 CBF studies were performed when the rats were 4 months old, by which time the renal hypertensive rats (RHR) had been severely hypertensive for 2 months and the SHR a little longer. Only rats with a systolic tail pressure of 160-240 mm Hg were used for the CBF studies. Of the SHR supplied, 30-40% were discarded because systolic pressure was less than 160 mm Hg, i. e. , not much higher than that of WKY. CBF was measured with the intra-arterial 133Xe injection technique (H�edt-Rasmussen et aI., 1966) modified for rat studies (Hertz et aI., 1977; Barry and Hemmingsen, 1979) .
Anaesthesia was induced with 4% halothane and maintained with 0.8% halothane in 30% O2:70% N20. The rats were tracheostomised, paralysed with succinylcholine (40 mg/kg) and ventilated on a respirator. Both femoral arteries were cannulated, one for recording of mean arterial pressure (MAP) and heart rate (HR), and one for sampling blood. For each determination of CBF, a 10-15-/1,1 bolus of saline containing 133Xe (5-10 mCilml, Amer sham) was injected into the carotid catheter. Clear ance of 133Xe from the brain was followed by exter nal detection with a heavily collimated NaI(Th) crystal placed over the head, ipsilateral to the injec tion site. CBF was calculated by the initial slope method using the formula, CBF = -A x Inl0 x Do x 100 (mU100 g/min) (Olesen et aI., 1971) , where the blood-brain partition coefficient for grey matter, Ag is 0.87 mUg, and Do is the initial slope (the first 10-15 s) of a semilogarithmic recording of the clearance curve. The linear peak value of around 2000 cps ensured that the linearity of the clearance curve was not affected by low counting statistics. A correction curve (Hemmingsen et aI., 1979 ) was used to correct for the activity remaining from pre vious measurements when that activity exceeded 2% of the linear peak. Such correction was rarely necessary however.
Paco2, Pao2, and pH were measured at intervals during surgery-stabilisation and at each CBF mea surement with conventional microelectrodes (Radiometer, Copenhagen). The blood withdrawn for these measurements was substituted with blood from donor rats of the same strain. The rats were maintained at normocapnia (Paco2, 39-41 mm Hg) by adjustment of ventilation volume. Body temper ature was maintained close to 37°C by means of a rectal-thermistor-controlled heating table. Arterial blood pressure was recorded throughout the study, with MAP and HR being calculated from the re cording.
The lower limit of CBF autoregulation was de termined by controlled stepwise haemorrhagic hypotension in seven normotensive WKY, nine RHR, and six SHR. Following the 1-h postoperative period of stabilisation, two to five baseline mea surements of CBF were obtained at 8-12-min intervals. To permit CBF measurement along the autoregulatory plateau in five WKY and one RHR, blood pressure was raised in approximately 10-mm Hg steps by i.v. angiotensin II infusion (5-20 f-tg/ min). Blood pressure was then lowered in all animals by controlled bleeding in decrements of around 10 mm Hg. CBF was measured once or twice at each pressure level after MAP had been stable for about 10 min. At the time of each CBF measurement, MAP, HR, and body temperature were recorded, and 30 s later, blood was sampled for determination of Paco2, Pao2, and pH. In this way, an autoregulatory curve based on about 12 measurements was obtained for each rat. A study typically lasted about 3 h.
Following the CBF study, a pathological exami nation of the brains was undertaken. The rats were maintained in a stable condition for another 2 h after the lowest MAP had been reached, i.e., 30-40 mm Hg. Despite blood infusion, it was not possible to maintain this pressure in all rats, and a few died during the period of severe hypotension. Most of the animals (six of seven WKY, four of six SHR, and eight of nine RHR) were then sacrificed by perfusion fixation with F AM (40% formal dehyde:glacial acetic acid: methanol, 1:1:8 by vol ume) (Brown and Brierley, 1968) . The brains were left in situ for 24 h, then removed and immersed in F AM for another 48 h before being processed for light microscopy. Each brain was cut into eight pre determined slices (five forebrain and three hind brain) and embedded in paraffin. Particular care was taken to identify the left and right hemispheres. Seven-to eight-micrometer sections were stained using a technique combining Luxol fast blue and cresyl violet, and also with haemotoxylin-eosin. All brains were coded with a random number such that the neuropathological examination was per formed blind, with the code being broken only after completion of this and related studies.
Since any fall in CBF during prolonged anaes thesia would influence the determination of the lower limit of CBF autoregulation, the baseline stability of CBF in the present rat preparation was investigated. In six WKY, five SHR, and seven RHR, CBF measurement was repeated at 15-min intervals over 2� h without manipulation of blood pressure. To serve as controls for the neuropathol ogy study, all of these rats were prepared for neuropathological examination 2 h after the final CBF measurement (as described above).
Data are given as the mean ± 1 SD. One-way analysis of variance, together with the Dunnett multiple-comparison test (Zar, 1974) , was used for statistical comparisons. Results were accepted as significant at p < 0.05.
RESULTS

Control Study
The baseline stability of CBF during the 2�-hour study in WKY, SHR, and RHR is illustrated in Fig.  1 . There was no tendency for CBF to fall with time (confirmed by one-way analysis of variance). WKY were the most stable, both as a group and individu ally. CBF was relatively stable in both SHR and RHR, although there was some fluctuation in indi vidual rats. The mean coefficient of variation of CBF was 11 ± 4% in WKY, 18 ± 8% in SHR, and 15 ± 8% in RHR (x ± 1 SD).
Autoregulation Study
Baseline Measurements
Cerebral blood flow, MAP, and other relevant physiological parameters are shown in Table 1 . CBF was the same in the three groups of rats: in WKY, 87 ± 12 mVIOO g/min; in SHR, 85 ± 17 mV 100 g/min; and in RHR, 88 ± 30 mVI00 g/min. The two hypertensive groups of rats had baseline blood pressure levels that were similar, namely, 139 ± 14 mm Hg in SHR and 135 ± 19 mm Hg in RHR, and significantly higher (p < 0.01) than the 73 ± 5 mm Hg in WKY. Heart rate was higher in SHR than in the other groups (p < 0.05). Paco2, Pao2, pH, and rectal temperature were similar in all three groups.
Haemorrhagic Hypotension
The lower part of the CBF autoregulation curve was obtained for each animal. In decrease in CBF% was found (p < 0.01). In SHR and RHR, autoregulation of CBF was only effective down to and including the MAP range of 90-109 mm Hg. When MAP was lowered to the range of 70-89 mm Hg, a significant fall in CBF% was found (p < 0.01).
The results indicate a 20-30-mm Hg upward shift in the lower limit of CBF autoregulation in SHR and RHR. This was confirmed by the demonstration of a significant difference in CBF (percent of baseline) between WKY and SHR or RHR in the blood pres sure ranges of 70-89 mm Hg and 50-69 mm Hg (WKY:SHR, p < 0.01 and p < 0.01, respectively; WKY:RHR, p < 0.01 and p < 0.01, respectively). In the lowest pressure range tolerated by the hypertensive rats (MAP, 30-59 mm Hg) the differ ence in CBF between the three groups was not sig- No. of nificant. Thus, as may be seen in Fig. 2 , the slope of the CBF fall after loss of autoregulation was steeper in the WKY group than in SHR and RHR. No dif ference was observed between SHR and RHR in the response to controlled bleeding.
Neuropathology
As judged by uniform blanching and hardness of the specimens, satisfactory fixation was achieved in all animals. There was no evidence of the cytologi cal artifacts, "dark" and "hydropic" cells (Cam mermeyer, 1961; Brown and Brierley, 1968) . In none of the control animals was there microscopic evidence of ischaemic brain damage of the type de scribed previously in FAM-fixed material Brierley, 1968, 1972) . Of the animals subjected to haemorrhagic hypotension, however, there was histological evidence of ischaemic brain damage in one of six WKY, four of eight RHR, and two of four SHR. In most of the animals there were between 1 and 4 small ischaemic foci: in one RHR there were 7 foci and in one SHR there were 13 foci. These focal lesions were distributed in the cortex, caudatum, hippocampus, and thalamus of the right cerebral hemisphere.
DISCUSSION
Cerebral Blood Flow
The intracarotid 133Xe method for measurement of CBF in the rat was introduced by Hertz and co-workers (1977) and is used in a slightly modified version in the present study (Barry and Hem mingsen, 1979) . The great advantage of this method is that it allows repetitive measurement of CBF at short time intervals in individual rats, which then serve as their own control. It is particularly well suited for studies such as the present one, in which CBF measurements are used to delineate the au toregulation curve in single animals or in compari tively small groups. In the present study, CBF was measured up to 15 times over a period of 2Y2-3 h. Repeated intracarotid injection of the 133Xe saline bolus used (10-15 ILl) is unlikely to influence CBF per se, as CBF is independent of bolus volume be tween 10 and 100 ILl (Barry et aI., 1981a) . Despite the extensive surgery, long duration of anaesthesia, and repeated sampling of blood for gas analyses, the rat preparation remains remarkably stable. This is demonstrated by the present control study in which CBF was measured at IS-min intervals over 2Y2 h; the stability of CBF and MAP in SHR, RHR, and WKY is illustrated in Fig. 1 . That ischaemic lesions were occasionally found in the hemisphere used for CBF study deserves comment, since similar lesions were found in a recent study by Gross et al. (1981) . In the latter study, lesions had no relation to blood pressure changes or other experimental procedures. However, in the present study, lesions were never found in the hypertensive and normotensive control animals subjected to 2Y2 h of repeated intracarotid 133Xe injection. In the controlled hypotension study, lesions, when present, were confined almost exclu sively to hypertensive animals, a single minor lesion being found in one normotensive rat. Thus, the le sions probably result from a combined effect of ca rotid cannulation and hypotensive insult in a hypertensive rat, and occur well after MAP has fal len below the lower limit of CBF autoregulation. The lesions were small and unlikely to interfere with the physiological autoregulatory response. Given the stability and reproducibility of the CBF mea surements obtained in the control SHR, RHR, and WKY, the intracarotid 133Xe injection method is considered appropriate for the present study of haemorrhagic hypotension.
The surgical procedures involved in the method require that the rat be anaesthetised. Thus, the in fluence of the anaesthetic must be considered. The concentration of halothane used in the present study (0.8%) is unlikely to have any major influence on the results, even though at high concentrations halothane may indirectly influence CBF autoregu-lation because of ganglion blocking and vasodilating properties. In a study of drug-induced hypotension in baboons anaesthetised with various levels of halothane, CBF autoregulation was intact at 0.5%, began to fail at 1%, and was lost at 2% (Morita et aI., 1977) . When autoregulation was studied in ba boons during halothane-induced hypotension (con centrations up to 3.5%) the autoregulation curve was shifted to the left of the haemorrhagic hypoten sion curve in normotensive baboons (Fitch et aI., 1976) , with a less marked effect in renal hyperten sive baboons (Fitch et aI., 1978) . The effect of halothane on CBF autoregulation determined by haemorrhagic hypotension has not been studied. However, halothane probably has little effect on the lower limit of autoregulation in the present rat study.
Halothane may have contributed to the low rest ing MAP in the WKY; under anaesthesia, MAP was only just above the lower limit of autoregulation, despite the awake systolic blood pressure having been 130 mm Hg. Thus, it was necessary to raise the pressure transiently with angiotensin in order to demonstrate the autoregulatory plateau. The lower limit of autoregulation was then easily determined during the subsequent haemorrhagic hypotension.
Cerebral Circulation and Hypertension
Adaptation of the lower limit of CBF autoregula tion to chronic hypertension has been shown in man (Strandgaard et aI., 1973; Strandgaard, 1976) and in the baboon (Jones et aI., 1976) . Autoregulation of CBF has previously been demonstrated in nor motensive rats by Hernandez et al. (1978) and Gross et aI. (1981) . The lower limit of autoregulation ap peared to be around 70-80 mm Hg in both studies, although in neither case was it actually calculated. U sing sagittal sinus P02 as an index of CBF, Fujishima and Omae (1976) suggested a shift of the lower limit of CBF autoregulation in SHR (from 62 mm Hg in normotensive rats to 95 mm Hg in SHR). The present study, however, is the first to unequiv ocally demonstrate resetting of the lower limit of CBF autoregulation in SHR and in RHR.
The testing of CBF autoregulation by controlled bleeding excites a dual response from the cerebral circulation: autoregulatory vasodilatation and sym pathetic vasoconstriction (Fitch et aI., 1975) . Thus, it has been shown in the baboon that acute phar macological a-blockade or surgical cervical sym pathectomy can considerably increase CBF below J Cereb Blood Flow Metahol. Vol. 2. No.3. 1982 the lower limit of autoregulation as determined by bleeding (Fitch et aI., 1975) . During haemorrhagic hypotension, cerebral perfusion may be quite un even (Hamar et aI., 1979) , presumably because au toregulatory dilatation of smaller resistance vessels coincides with sympathetic constriction of larger resistance vessels. This unevenness of perfusion is abolished by sympathetic blockade. It is not picked up in a study such as the present one, in which global CBF is measured. Surprisingly, chronic cer vical sympathectomy does not influence the lower limit of autoregulation, at least not in the monkey (EklOf et aI., 1971 ).
In the present study, an identical response of the cerebral circulation to controlled bleeding was found in SHR and RHR. In both groups of hyper tensive animals, a 20 -30-mm Hg shift of the lower limit of CBF autoregulation was found when com paring hypertensive animals with the normotensive WKY rats. This suggests that the adaptation of au toregulation is dependent on structural vascular changes induced by the high blood pressure, rather than on sympathetic or humoral factors that could, conceivably, be quite different in the two types of hypertension. SHR would be expected to have a comparatively high resting sympathetic tone, and this is reflected in the somewhat higher resting HR in SHR than in RHR or WKY. The Loomis hyper tension is volume-dependent and a comparatively low sympathetic tone would be expected in RHR, even though this has not been studied.
It may be seen from Fig. 2 that the down-sloping part of the autoregulation curve is less steep in SHR and in RHR than in the normotensive WKY. The significance of this finding is confirmed by the fact that CBF values cease to differ significantly at the lowest blood pressure levels. A similar slope differ ence was found between normotensive and hyper tensive humans in whom hypotension was induced by ganglionic blockade, and is thus likely to be re lated to structural adaptation in hypertensive brain vessels.
The time factor in the development of structural and functional adaptation of resistance vessels to a chronic blood pressure change is on the order of a few weeks. Thus, when blood pressure is lowered by clip removal in rats made hypertensive by clip ping of a renal artery, vascular re-adaptation in the hindlimb circulation is largely completed within 2 -3 weeks (Lundgren, 1974) . In the baboon (Jones et aI., 1976) , as in the present rat study, the lower limit of CBF autoregulation had been reset within 2 -3 months of establishing the hypertension. The shift of the lower limit of CBF autoregulation in the hypertensive rats in the present study is compara tively small, on the order of 20-30 mm Hg. With longer duration of hypertension, further structural vascular changes may shift the CBF autoregulation curve to higher pressures.
The clinical significance of hypertensive adapta tion of the cerebral circulation has been discussed earlier (Strandgaard et aI., 1973; Strandgaard 1976 Strandgaard , 1978 . In the present context, it may be concluded that both SHR and the Loomis Wistar Kyoto type of RHR have been demonstrated to be feasible models of human hypertension with respect to hypertensive adaptation of the cerebral circulation. They are thus well-suited for studying the effect of acute, drug-induced hypotension on cerebral circu lation. Two such studies have been undertaken in our laboratory. Diazoxide was found to cause an abrupt fall in CBF secondary to a fall in MAP to well below the lower limit of autoregulation in both SHR and RHR (Barry et aI., 1981b) . Dihydralazine was shown to maintain CBF at resting levels at MAP well below the lower limit of autoregulation in both SHR and RHR, probably by dilatation of cere bral resistance vessels (Barry et aI., unpublished observations) . In the latter study, CBF even tended to increase at the lowest blood pressures, as high doses of dihydralazine were given.
